This 3-year study was funded by the Water Environment Research Foundation (WERF) (Johnson, et al. 2003) to investigate innovative heavy metal removal from stormwater. During this research, two major areas of heavy metal control were selected for in-depth investigation: media filters and swales. This presentation will focus on the filter tests. The test stormwater used for most of the laboratory tests was collected from a campus parking lot at the University of Alabama during many storm events. The characteristics of the stormwater indicated that the most prevalent metals detected in the runoff were iron, zinc, copper and small amounts of particulate bound lead. Ranges of the metals were within national ranges reported by other studies. The results emphasize the importance of characterizing the stormwater before selecting a treatment media since the type and quantity of metals, pH, and other runoff characteristics can vary a great deal between sites and can affect the pollutant removal characteristics.
Finally, the effect of microbial growth on metals capture and head loss in the column was investigated.
Several of these filter media were also tested in a pilot-scale device using water from a detention pond that drains a medium-density residential area in Birmingham, Alabama. Testing on the pilot-scale filters was performed in a manner expected to simulate the intermittent use typical in full-scale runoff applications (eight filtering events on eight non-consecutive days over a four week period). The test water was pre-settled stormwater pumped from the detention pond, similar to how the filters may be used for post-treatment. Pre-settled runoff was selected because prior experimentation with laboratory-scale filters found that significant pre-treatment was needed to prevent the filters from becoming clogged well before the media's chemical capacity was met and to ensure a reasonable run time before required maintenance. In this series of tests, the runoff water metals concentrations in the influent were extremely low. On those occasions where the metals concentration was higher, the filters proved effective at removing influent concentrations down to a level of approximately 10 -15 µg/L. They were ineffective if the influent metals concentration was less than 10 -20 µg/L.
Much information has been collected during this WERF-sponsored research project that can be directly used for the design of stormwater controls for the reduction of heavy metals. Tests on the treatability of stormwater heavy metals examined the associations of metals with different stormwater fractions. These associations are also useful in predicting the performance of sedimentation controls in removing heavy metals. This information can be used to predict the heavy metal control associated with a wet detention pond that is designed to remove particles of a specific minimum size. Additionally, material on the selection of filtration media, the clogging rates under different conditions, and the metal retention capacity of the different media are all available in the final research report. A simple approach in the selection of filtration media and the sizing of stormwater filters is also outlined. Investigations of several important issues associated with the upflow filters are also presented. These filters hold promise in being much more cost-effective than the more-commonly-used traditional slow filters. Additional tests were also conducted that investigated the clogging behavior of the different media under upflow conditions.
INTRODUCTION
Stormwater runoff has been identified by the US-EPA as a leading cause of water quality impairment nationwide (EPA, 1998) . Numerous studies have identified metals in urban runoff as a major contributor to the degradation of many urban streams and rivers (NRDC, 1999) . Since the early 1970s, there has been growing concern over the effect of heavy metals on humans and aquatic ecosystems. Toxicity and bioavailability of metals in aqueous systems depends on many factors and are critically related to the chemical form in which the metals occur which in turn depends on the physical and chemical characteristics of the water. The most bioavailable forms of metals in runoff are free metal ions, with weak inorganic complexes also being of concern.
Because of the diverse nature of human and industrial activity, regional variations and the lack of regulations at this time, the potential exists to find virtually any trace metal in urban runoff. In general though, the metals of most concern in urban runoff are copper (Cu), cadmium (Cd), zinc (Zn), mercury (Hg), lead (Pb) and chromium (Cr) (Pitt and McLean, 1986; Schueler, 1996) . Of these metals copper and zinc are the most prevalent in terms of occurrence and concentration in urban runoff with trace quantities of lead, nickel, cadmium and chromium commonly found in all areas of the United States.
Heavy metals in urban stormwater primarily originate from automobile-related activities and the exposure of building materials to rain. Pitt, et al. (1995) found that roof runoff generally had the highest zinc concentrations (likely from galvanized roofing), parking and storage areas had the highest concentrations of nickel, vehicle service areas and street runoff had the highest cadmium and lead concentrations, and urban creek samples had the highest copper concentrations (probably due to illicit connections or non-stormwater discharges). Table 1 lists some of the sources of heavy metals from transportation activities. Runoff from industrial sites and junkyards; the breakdown of galvanized (roofing, culverts, trash cans) and chrome-plated (car bumpers) materials; chromated-copper-arsenate treated lumber; and atmospheric deposition are other often mentioned sources of metals in runoff. 
Local Ordinances: A Users Guide, Terrene Institute and EPA, Region 5, 1995 as referenced in NRDC, 1999. In the NURP studies (EPA, 1983) , copper, lead, and zinc were detected in more than 90% of storm water samples from residential, commercial, and light industrial sites. The National Stormwater Quality Database (NSQD) is an update of the NURP data and has been developed from the monitoring data collected by MS4s (Municipal Separate Storm Sewer Systems) over the past decade . This data set (summarized in Table 2 ) highlights the important effect of land use and source areas (parking areas, vehicle service stations, rooftops, streets, landscaped areas, etc.) on stormwater runoff quality. Heavy metals may occur as dissolved, colloidal or particulate bound species; however most metals are predominantly associated with particulates. Particle associations and speciation critically affect the toxicity and bioavailability of metals and are greatly dependent upon chemical and physical parameters. Short-term, or acute, toxicity is rare for stormwater, but longer exposures to contaminated stormwater, and to contaminated sediment, cause longer-term, chronic toxicity, illustrated by major changes in benthic organisms. Elevated contaminant concentrations and increased flows during storms can create loadings equal to weeks or months of background flow (Characklis and Wiesner, 1997) . Pitt and Amy (1973) found the concentrations of metals in street runoff to be 10 to 100 times higher than metal concentrations in sanitary sewage. A successful control strategy for the reduction of heavy metals from stormwater must therefore be effective in capturing a variety of metals that are in the particle-bound, colloidal and dissolved states. Table 2 highlights that for the metals, the frequency of detection in many of the MS4 monitoring samples ranges between 27% (arsenic) and 96% (zinc). However there are specific source areas where dissolved metals concentrations in stormwater runoff may be high enough to make filtration an extremely attractive option for metals treatment prior to discharge. Table 3 highlights the metals association with particle size for stormwater runoff from three US scrap metal yards. For certain metals, such as zinc, the ionic or colloidal form is a significant form of the metal's existence in stormwater runoff. This indicates that these metals are not likely to be treated except through an adsorption/ion-exchange treatment process, such as would occur in filtration. Opportunities for the control of metal-bearing urban runoff can be grouped into three basic strategies: source avoidance or reduction; passive systems; and installed treatment technologies. While the concept of pollution avoidance and minimization at critical sources is the most preferred option for the control of metals in urban runoff, it is unlikely that any one method will provide either a realistic or effective solution to the problem. The scope of this project was to address emerging stormwater control technologies for the capture of heavy metals from urban runoff. The processes selected for investigation were media filtration systems and grass swales with this paper focusing on media filtration systems.
METHODOLOGIES

Runoff Characterization
Runoff was used for many of the laboratory-scale tests conducted in this study. The runoff was collected from parking lots on the University of Alabama campus. Prior to using this parking lot for collecting runoff for the tests, a series of samples was collected from this lot in order to characterize the runoff's quality (Tables 4 and 5 ). Table 4 has the results of the first flush samples collected from the parking lot while Table 5 contains the results for composite samples collected of the runoff. Iron, zinc and copper were the most prevalent metals detected in the collected runoff along with small amounts of particulate bound lead. These results showed that the metals' concentration in the runoff was similar to that reported in the NURP and MS4 (NSQD) studies, and therefore, it would be acceptable for these filtration studies. In the various experiments in this study both spiked distilled, de-ionized water and spiked runoff were used depending on the experiment. The spiked de-ionized, distilled water was used in the 'ultimate' uptake capacity and kinetic rate of uptake tests. The other metal uptake tests used runoff as the matrix. The runoff used for the low concentration metal (LCM) uptake tests was spiked to different levels to examine uptake by the media at different concentrations. The spiking level for the column tests was then selected such that there would be sufficient metals present to quantify concentration changes accurately in the analysis but such that the metal concentrations would still be reasonable for stormwater runoff. Table 6 summarizes the water matrix and metal spiking data for all of the experiments. 
ICP-OES LOD (limits of detection) but below LOQ (limits of quantification). Concentrations below LOD are reported as less than the LOD value for the ICP run in which that sample was tested.
Laboratory-scale studies
Twelve media were initially evaluated by means of batch equilibrium and kinetic tests to compare the rate and extent of metals capture. The media chosen for initial screening met at least one of the following criteria:
1. A renewable resource product. One objective was to look at renewable products. Several of the materials were waste products in search of an additional use before disposal.
2. Currently used for the treatment of stormwater. Media commonly used in treating stormwater were included for comparison with the less conventional media.
3. Currently used for the treatment of other waste streams (industrial/municipal) besides stormwater. These media, which had documented performances in other waste streams, were examined for their stormwater treatment potential. The compost, cotton mill waste, peanut hulls, kudzu and agro-fiber were examined because they are renewable resource products. Compost has also become one of the more common media marketed for runoff treatment. The cotton mill waste and agrofiber have been examined and/or used for non-stormwater applications. Peat was selected because it has a prior documented use in stormwater filters. Activated carbon and a commercially developed ion-exchange media were chosen because they are media commonly used in other (industrial/municipal) water/wastewater treatment applications, but their performance in stormwater treatment applications was unknown. Zeolites have been used for removing metals from waste streams in other applications and are beginning to be marketed for stormwater treatment as well. Iron-oxide coated sand was chosen because the use of oxide-coated media has also been examined for removing metals from water and wastewater and is now being examined for stormwater treatment. Sand, the most common media used for stormwater filters, was examined as a comparison against the other media.
The three best performing media: peat-sand mix, compost, and zeolite were then selected for an in-depth study column study using parallel upflow columns in packed media beds. Metal removal efficiency was examined for different rates of flow and influent conditions. TCLP tests were performed on the spent media. The methods used in each series of tests is described below.
Experimental Procedures for Batch Equilibrium Tests
Limited data is available in the literature as to the capacity and rate of metals uptake onto many of the media. Some available media studies were replicated during this study because the wide range in analytical and experimental design techniques of different investigators make comparison of the data virtually impossible. In addition, many previous studies focused on industrial discharges rather than stormwater. The purpose of these initial tests was to compare the different media and use the collected data to decide which media would have the best potential to remove metals from stormwater. Capacity data and uptake ability at low metal concentrations were obtained under steady-state batch-equilibrium conditions. Leaching of metals and major ions from the various media was also examined.
Experimental Procedures for Batch Kinetics Tests
The purpose of these tests was to examine the rate of uptake of metals by the media. These tests were performed using baffled batch adsorbers constructed according to the standardized tank design for Continuously Stirred Tank Reactors (CSTRs). A known mass of media was added to a stirred tank that contains 2 liters of solution of a known metals' concentration. At increasing time intervals, aliquots of sample were withdrawn and analyzed for the metal of interest using a dual view model Perkin Elmer Inductively Coupled Plasma -Optical Emission Spectrophotometer (ICP-OES) DV3000. pH changes were monitored throughout the experiment for all the batch kinetic studies.
Experimental Procedures for Parallel Laboratory-Scale Upflow Filter Tests
Stormwater runoff was treated using parallel laboratory-scale upflow filter columns to investigate parameters affecting the breakthrough curve and performance of the column. This system enabled the parallel study of multiple packed bed filters. Stormwater was used in a parametric study to investigate the effect of variables such as media, single and multicomponent metals concentrations, and flowrate on the breakthrough curve. A sump area was provided below the media to allow space for particulates to settle. The depth of media in the columns was approximately 30 cm. The stormwater entered at the side of the column below the media and above the sump and flowed upward through the media, exiting at the top. Samples of the influent and effluent were collected periodically and analyzed for the metals and major ions of interest.
Solids Removal using Upflow Filters
This phase of the research project was to design and develop an upflow filtration system and to demonstrate the effectiveness of this system for the treatment of solids in stormwater runoff from critical source areas. Metals removal in parallel upflow columns was investigated concurrently.
The concurrent phasing of these activities was designed to separate out the solids removal ability from the metals removal ability, so that these two parameters could be investigated independently. Treating stormwater at critical source areas such as scrap metal yards, where a heavy solids load exists and where a substantial fraction of the metals are in dissolved or colloidal form, may require the use of an upflow filter system to provide adequate, long-term treatment. The parameters used to evaluate the design were flow rate, and effluent turbidity, total solids and particle size distribution (1-175 µm). The ability to sustain low effluent turbidities for longer run times demonstrated that a sump placed below the filter inlet was beneficial. The evaluated filter flow rates were between 196 m/day to 313 m/day (3.47 gpm/ft 2 to 5.55 gpm/ft 2 ).
The Role of Biomass in Metals Uptake and Retention
Engineered filter systems that have been developed to treat metal-contaminated waters in field situations most frequently develop microbial populations (Pitt, personal communication) . The effect of microbial growth within filter systems in stormwater metal retention was studied in laboratory column experiments. Sterile and non-sterile column systems in parallel were studied. The 'sterile' column was constructed with sterilized sorbent matrix, isolated from light (to prevent growth of phototrophic microorganisms) and fed with pasteurized (at 80 o C) stormwater. The non-sterile column containing the non-sterile sorbent matrix, was exposed to light and fed with untreated stormwater. Microbial biomass (as protein) was quantified using the BCA protein determination procedure. Metal retention, head loss and pH in both columns were compared to determine the influence of biomass on the capture of metals. The degree of the microbial presence in the samples of filtered water was determined using the test of reduction of XTT by reduced Fe oxides. This method provided a measure of relative microbial concentration; it did not provide a quantitative measure of microbial concentration. To correct this, a XTT standard curve was determined for each column.
A second phase of the biomass investigation was to determine if the creation of anaerobic environments or micro-environments was likely to affect the metals' retention on the media. Four of the media were investigated -sand, activated carbon, peat moss and compost. The media were exposed to a concentrated solution -10 mg/L of lead, copper, zinc, iron, nitrate, phosphate, and ammonia -and then separated from the solution. The amount of material sorbed onto the media was calculated using the pre-and post-sorption water concentrations. The media were then exposed to pre-settled stormwater runoff for a period of several weeks. One sample of each medium was maintained in an aerobic environment where aeration stones were used to keep the water saturated in oxygen. The other sample of each medium was exposed to the runoff while in sealed BOD bottles, where the naturally-occurring matter/organisms in the water would consume the oxygen and create an anaerobic environment. No seeding was done to encourage more rapid development of anaerobic conditions. At the end of the exposure time, the dissolved oxygen (DO) concentration and the oxidation-reduction potential (ORP) of each aerobic and anaerobic sample were taken. The samples were analyzed for the ammonia, nitrate, total nitrogen, phosphate, total phosphorus, and the metals (calcium, magnesium, iron, copper, lead and zinc.
Testing of the Pilot-Scale Device.
Testing on the pilot-scale filters was performed in a manner expected to simulate the intermittent use that they would receive in a full-scale application. Eight filtering events were performed, four at each of two stormwater detention ponds that receive runoff from primarily mediumdensity residential areas. Each filtering event lasted approximately 8 hours. Grab samples of approximately 1 L were collected every hour from the effluent of each filter and combined into a cleaned, 8-L Nalgene jug (one per media) to form a composite sample of the effluent from that day's sampling. A similar composite sample was of the influent water to the filters. Periodically during a sampling event, the effluent flow rate and depth of water on top of the filter were noted for each media. Sample collection and handling was in accordance with Standard Methods for the Examination of Water and Wastewater (American Public Health Association [APHA], et al. 1995) . At the end of the day's sampling, the composite and the initial samples were transported back to the laboratory for analysis. The analytes included pH, conductivity, turbidity, color, hardness, solids and heavy metals and major ions (Pb, Cd, Zn, Cu, Cr, Fe, Ca, Mg).
This task lasted for approximately 4 weeks, from September 19, 1999 through October 22, 1999. Prior to performing the pilot-scale testing, several potential endpoints for the filtering were noted: (1) physical clogging, (2) The media selected for study in the pilot-scale filters included those previously used in the laboratory experiments (sand, activated carbon, peat moss, compost, cotton textile waste, and agrofiber), as well as a loamy topsoil and a lightweight "sand." The two additional filter containers included a Jacuzzi filter set (sold by Aquatic Eco-Systems, Inc., Apopka, Florida) and the StormFilter cartridge test tank (for use with the compost) supplied by Stormwater Management, Inc., of Portland, Oregon. The filtration columns were constructed using the same guidelines as was used in the bench-scale tests, i.e., the City of Austin (1988) and CSF Treatment Systems, Inc. (1994) , requirements. The depth of filtration was approximately 0.45 m (0.15 m of sand with a 0.3-m layer of the adsorption medium on top of the sand). Nonwoven, synthetic fabrics were also placed on the surface of the filters to improve run times and make cleaning of the filters easier. The ratio of column diameter to median filter grain particle size for the sand filter (the media used to determine filter height and column diameter) was significantly greater than 100, which, according to other researchers (Clark, et al. 1992) , should be sufficient to avoid significant wall effects. The filters then were mounted on a trailer for easy transport to the sampling locations.
RESULTS AND DISCUSSION
Laboratory-Scale Filtration Studies
Results of filter studies emphasized the importance of characterizing the stormwater before selecting a treatment media since the type and quantity of metals, pH, and other runoff characteristics can vary a great deal between sites. For example, determining the range of metal concentrations to be treated is crucial to selecting the best media, since the removal efficiencies of the media relative to each other changed with varying metal concentration. Media that were effective at high metals concentrations were outperformed by some media at the low metals concentrations typically found in stormwater. In addition, some media that offer potential as sorbents of metals may create water quality problems of their own. In equilibrium tests for all media, correlations were evident between the metals sorbed and the Ca, Mg, K, and Na ions desorbed. The ions desorbing and their quantity varied depending on the media and exchange metals present.
Maximum zinc sorption capacity of media -comparison of equilibrium isotherm curves
To examine the metal partitioning relationship between the media and the solution and to compare the maximum uptake capacity of the media under similar conditions, batch equilibrium capacity tests were performed. These tests used zinc in de-ionized (~18 M-ohm) water. Zn was chosen because it is one of the most common metals found in runoff. Also, while most metals in runoff are particulate bound up to 50% of the Zn in runoff is often in the dissolved phase. Metals in the dissolved phase are more available to aquatic life and therefore present more potential for harm. Sorption is therefore likely to be the technique of choice for Zn removal from runoff.
The results of the equilibrium capacity tests were used to generate equilibrium uptake capacity graphs plotting metal concentration at equilibrium vs. mass of metal removed from solution per mass of media. An example of these graphs is shown in Figure 1 . Each test was run in triplicate and the resulting error bars are included on the graph. From these graphs, an estimate of the ultimate uptake capacity of the media under the test conditions was made. Table 4 lists the approximate maximum zinc uptake capacity for the given conditions for each of the media. < 1 *Metals concentrations necessary to achieve saturation on the resin exceeded the range of the current study but a study by Parrish (1998) using an identical procedure found a maximum uptake of 90 mg/g. Standard equilibrium curves were observed for zinc uptake onto all media except the cotton mill waste. There was significant leaching of zinc from the cotton mill waste at higher equilibrium concentrations. A slight decrease in metals uptake at higher equilibrium concentrations was observed for iron oxide-coated sand and plain sand; one possible explanation for this shift is the increasing acidity of the solution with increasing initial metals concentration. The decreased pH may have inhibited uptake, or in the case of the cotton mill waste, caused metals to leach from the media. The commercial resin was outstanding in metals capture; however there was an accompanying dramatic increase in the pH of the solution that was cause for concern.
Additional batch equilibrium tests were performed using zinc at low concentrations. The objective was to examine whether the media with the best metal sorption at high concentrations also removed metals better than the other media at low metal concentrations. For this test the TP 207 resin, compost and St. Cloud zeolite were used since they had very different 'ultimate' uptake capacities for zinc. The results showed that the media behaved differently at low vs. high initial metals concentration. The results of zinc sorption onto the commercial resin, compost, and the St. Cloud zeolite (mg/g uptake vs. equilibrium zinc concentration) are shown in Figure 2 . The four points shown in this graph represent initial concentrations of 0.25, 0.6, 1.3, and 2.5 mg/L. At the lower concentrations, the zeolite had the best uptake capacity, followed by the compost, and then the resin. As the concentrations increase, this order begins to reverse. This has important implications for filter design. Determining the range of metal concentrations to be treated is crucial to selecting the best media, since the removal efficiencies of the media relative to each other change as metal concentration increases or decreases.
These results show that while understanding the ultimate capacity of the media is important, for applications to stormwater filters, it is more important to examine how the media will perform at the low metal concentrations actually found in stormwater. The ability of the media to remove metals from spiked runoff varied depending on the metal being examined and its concentration. The peat-sand mix, the St. Cloud zeolite, compost, peanut hulls, and iron-oxide coated sand showed the best overall performance, even though they were out-performed by some of the other media for certain metals at different concentrations. Kudzu and agrofiber caused an increase in the dissolved concentrations of several metals. Kudzu also released approximately 1.5 -2mg/g of Mg, 3.5 mg/g of Ca and 18 mg/g of K. Other media that released noticeable levels of Na, Mg, Ca, or K included TP 207 resin (7.5 mg/g Na), peanut hulls (5.5 mg/g K) and compost (0.9 mg/g of K).
Kinetics of Metals' Adsorption
The next step in designing an effective filtration process is determining the required contact time needed between the media and the influent, such that the effluent will have metals concentrations less than or equal to the design requirements. The most promising media from the low concentration metal tests, and two others, selected for comparison, were examined. The media were then compared by plotting the normalized fraction of metal removed verses time. The normalized fraction of metal removal was calculated as (C t -C f )/(C o -C f ) where C t is the metal concentration in mg/l at time t, C o is the initial metal concentration in mg/l and C f is the final metal concentration in mg/L. Figure 3 shows the results for the uptake of copper (initial concentration of 1 mg/L) by the various media. As the figure shows, much of the uptake occurs within the first 30 minutes of contact with the media. After 20 to 30 minutes of contact time, marginal gains in removal are made, but these gains may not be sufficient to justify the increased cost of the filter that would be needed to have that additional contact time. These results were similar for all metals tested. The results also showed that the resin leached metals early in the testing although they were recaptured by the resin before the end of the exposure time. The pH was monitored during the kinetic studies-each time a sample was withdrawn the pH was recorded. The initial pH was approximately 4.5 for all of the kinetic studies. Resin had a dramatic impact on the pH, increasing it to about 10.5. In comparison, compost increased the pH to about 6.5, peat-sand decreased the pH to 4.1, and the zeolites increased the pH to about 5.
Multi-component metals uptake was also investigated. Figure 4 shows the results from the multicomponent uptake experiments on peat-sand (one of the three media -compost, St. Cloud zeolite, and peat -that were selected for further testing). Based on the results from the kinetic tests at higher concentrations, the order of preference for removal was Pb > Cr > Cu > Cd > Zn = Fe for the peat-sand; Pb = Cr > Cu = Fe > Zn = Cd for the St. Cloud zeolite; and Cd > Zn > Pb > Cu > Fe > Cr for the compost. The order of preference for the compost varied with time. The order of preference for removal, based on the low-concentration metal uptake tests, was Cd = Pb > Zn = Cu > Cr > Fe for peat-sand; Zn = Cd > Pb > Cu > Cr > Fe for St. Cloud zeolite; and Cd > Zn > Pb > Cu > Cr > Fe for compost. Only compost had a similar order of preference for both tests. These results emphasize the importance of characterizing media capability under the conditions that are expected in actual applications. As expected, subsequent column tests which used metal spiked stormwater runoff from the same location as that used in the lowconcentration uptake tests and that had similar pH values, confirmed that the results from the low-concentration metals tests were more accurate than the higher-concentration tests in predicting the order of preference for dissolved metal removal in the columns. 
Breakthrough Curve Studies
Dissolved Metal Removal. There was an observable relationship between dissolved metal removal and residence time. An increase in dissolved metal removal was observed as residence time increased. However, the impact of residence time on removal varied depending on the metal and the media. Lead, chromium, and copper had the most notable increase in dissolved metal removal as residence time increased. Zinc and cadmium, which had the greatest percent removal for all the media (above 90% initially), showed no improvement in removal efficiency as residence time increased during the first series of column tests. During the second two series of tests, residence time impacted zinc and cadmium percent removal for the zeolite, and to a slight extent for the compost and the peat-sand. This change may have been due to the metal uptake capacity of the media beginning to be saturated during later series.
Comparing the three media, the peat-sand mix performed best at removing dissolved metals. Peat-sand had better removal of metals for almost all runs, only on a few runs did compost or zeolite have equivalent (but not better) removal. Compost and zeolite showed similar removal efficiency for all metals but copper during the first series of runs. Compost removed copper better. However, during the second and third series of runs, compost out-performed zeolite on zinc and cadmium removal, with the gap between the removal efficiencies of the two media increasing between the second and third series of runs.
Total suspended solids, total dissolved solids, and particulate bound metal removal. All the media removed total suspended solids well over all runs, but only peat showed any removal of total dissolved solids (the removal of TDSs dropped as the runs progressed). Compost appeared to increase the total dissolved solids concentration. As expected, the behavior of the total suspended solids and particulate bound metals paralleled each other. Total suspended solids removal and particulate bound metal removal by peat-sand and zeolite had no observable relationship to residence time. Some improvement in total suspended solids and particulate bound metal removal efficiency was noted for the compost as residence time increased for the second and third series of runs. The 0.5 and 1 minute residence times had slightly worse removal efficiencies than the 3, 5, and 10 minute residence times for compost -there was no observable improvement in particulate bound removal efficiency as residence time increased past 3 minutes. Copper and chromium typically had lower removal efficiencies than the other metals; one possible explanation is that these metals had a larger fraction of their particulate bound metal concentration associated with smaller particulates which passed more easily through the columns. Peat had the best removal efficiencies for particulate bound metals. Removal efficiencies of compost and zeolite were approximately the same.
Head Loss Development and Media
Comparison. Peat-sand had the greatest headloss and the greatest change in headloss over the course of each run. Zeolite and compost beds offered considerably less headloss. The degree of change in headloss increased as the total suspended solids concentration of the influent increased for all media. The advantages and disadvantages of the three media summarized in the table below: Less impact on the pH of the effluent, less headloss, and exhibited less potential for clogging Upflow vs. Downflow Filtration. Upflow columns proved more effective than downflow columns in the control of detention time and a reduction in clogging of the media by solids and associated head loss in the columns. At residence times of three to ten minutes, most of the suspended solids settled out in the sump area of the columns. Compost and zeolite columns showed little sign of increased headloss during these runs, even when influent suspended solids concentrations were around 400 mg/L.
Solids removal in upflow filters was shown to be effective at a laboratory-scale when flow rates were varied between 190 and 250 m/day (Pratap, 2003) . Four media (compost-sand, peat-sand, sandblast-grade sand, and pool filter sand) were compared. The results for turbidity show that the mixed media filters, compost-sand and peat-sand, have the greatest percent removals (consistently > 60% until breakthrough begins) ( Figure 5 ; error bars ± 1 standard deviation based on 3 runs for each media at the same flow rate). The error bars for the peat-sand are small, indicating good reproducibility between the independent runs. A statistical comparison of the filter media showed that the compost-sand and peat-sand had significantly greater removals of turbidity during the early and intermediate parts of the filter run. However, when near breakthrough, only the compost-sand could be statistically differentiated from the other media. This was due to the washout of fines from the compost media, resulting in significantly poorer performance. All four filter media were capable of achieving effluent turbidities in the range of 5 -20 NTU during the early and intermediate sections of the filter run while operating at flow rates in the range of rapid filtration. A similar analysis of the results was performed for the monitoring parameters of total solids and particle size counts (1 -175 µm particle size range). The media were indistinguishable from each other when evaluated in terms of total solids and particle volume removal. The filters had average percent removals of total solids between 50-80% until breakthrough occurred and all filters had effluent total solids concentration in the range of 70-160 mg/L during the early and intermediate parts of the filter run. 
Disposal Options for the Filter Media (TCLP testing)
Samples of spent media from column studies underwent TCLP analysis for those metals regulated by RCRA. Under the Land Disposal Restrictions program, a restricted waste may be land disposed only if a TCLP extract of the waste, or a TCLP extract of the treatment residue of the waste, does not exceed the regulatory levels for hazardous constituents listed for that waste. The regulatory levels are 1 mg/L for cadmium and 5 mg/L for chromium and lead. Chromium and lead did not present a problem, however, the cadmium concentration in the leachate was above the acceptable limit for peat-sand, and was close to the limit for zeolite and compost. Compost performed best in retaining all three RCRA metals.
Pilot-Scale Testing Results
Heavy metals removal. Figure 6 depicts the ability of the filters to remove copper. Copper, lead, and zinc removals were not found to be statistically significant for any of the filter media, even though the media loading was small. It has been assumed in the modeling equations that adsorption is irreversible, assuming that the influent water characteristics, especially pH and conductivity, do not change significantly. However, at a certain low concentration, it would be expected that an equilibrium would be established where removal below that equilibrium concentration would not occur. Concentrations below the equilibrium concentration, whether due to high removal efficiencies or to low influent concentrations, would encourage the reversal of the driving force for the sorption reaction, causing desorption. The locations of this equilibrium for many of the media are indicated on the figures for these three metals. For copper and lead, the minimum water concentration attainable appears to be approximately 5 to 10 µg/L, and approximately 10 to 20 µg/L for zinc, for all of the media.
The influent iron concentrations are significantly greater than the influent copper, lead and zinc concentrations. Therefore, adsorption is the primary removal mechanism occurring. It is overwhelming the desorption reaction and makes it appear that the adsorption is irreversible. Statistically significant removals were seen for the sand, cotton-sand, agrofiber-sand and carbonsand filters. The peat-sand and compost-sand filters had a probability of 0.054 that the effluent was less than the influent concentrations.
Major ion removal (calcium, magnesium, hardness) . The removal ability is shown in Figure 3 . The loam, peat-sand, and cotton-sand filters were able to consistently remove calcium from the influent water. The behavior of the peat-sand filter was not unexpected based upon the literature review and the behavior of the laboratory filter column. The potential of the cotton to remove a small amount of calcium was also seen in the laboratory columns. As can be seen from Figure 4 -19, only the peat had the ability to almost completely remove the calcium from the influent water (with one exception). The compost-sand filter consistently added calcium to the runoff water. This also is in agreement with the laboratory column results and with the ability of compost-sand filters to neutralize its influent when the influent pH is significantly different from 7.0 to 7.5.
No filter had the ability to remove magnesium consistently. Hardness removal was only statistically significant with the peat-sand and loam filters, with only the peat-sand filter able to remove large percentages of hardness. This is not unexpected given the ability of the peat filter to remove calcium. Mimicking its behavior with calcium, the compost-sand filter contributed hardness to the runoff water. pH. The peat-sand filter is the only filter that had a measurable effect on pH. Hydrogen as the hydronium ion, H 3 O + , is one of peat's easily exchangeable ions, and in general, as peat adsorbs other cations, it releases the hydronium ion. pH has been proposed as a method of monitoring remaining life in a peat-filter. The other filter media, when treating an influent at a neutral or near-neutral pH, tend not to affect the pH measurably. Although, previous research (Clark 1996) has shown that when the influent water to a compost-sand column is not near a neutral pH, compost-sand will attempt to neutralize it. 
Metals Associations
A more thorough review of this phase of the investigation is given in . Metalparticulate association tests using Chelex-100 resin revealed that more than 90% of the filterable forms of calcium, magnesium, potassium, iron, and zinc were in ionic forms, with very little colloidal, or other bound forms. Also, more than 80% of the filterable chromium and lead were also ionic, while only about 50% of the filterable copper and 30% of the filterable cadmium were ionic. This data can be used to estimate the level of control that may be associated with different designs of particle trapping devices. Some pollutants can be significantly reduced by a reduction in particulates, such as suspended solids, total phosphorus and most heavy metals. Other pollutants, such as nitrates, are reduced much less, even after filtration down to 0.45 µm. Figures  8 and 9 show the associations of copper and zinc by particle size from sixteen parking lot runoff samples. The results demonstrate that the metals are associated primarily with the smaller particles, and that only when the total concentrations are high (around 1 mg/L) are metals associated significantly with the larger particle fractions.
Experiments were also conducted to examine the likelihood of the metals disassociating from the particulates under pH conditions ranging from about 4 to 11 with both weak and strong acids. These tests indicated that the heavy metals of concern remain strongly bound to the particulates during long exposures at the extreme pH conditions likely to occur in receiving water sediments. They will also likely remain strongly bound to the particulates in stormwater control device sumps or detention pond sediments where particulate-bound metals are captured. Related tests were conducted as part of the filter media evaluation task of this research to measure the disassociation potential of heavy metals and nutrients under aerobic and anaerobic conditions having extreme Eh values. Studies on the effect of anaerobiosis on metal retention by filter systems indicated that heavy metals were not mobilized from filter systems under anaerobic conditions. It was found that metal retention within the filters, with the exception of iron on compost, was not different from what was observed in oxygenated environments (Figures 10, 11 , and 12 for copper, iron and zinc, respectively). However, it is plausible that under certain specific environmental conditions, co-precipitation of metals by iron-and sulfate-reducing bacteria may take place in stormwater treatment systems. 
Treatability Testing
Treatability tests were performed to assess the effectiveness of different treatment trains and processes quantifying improvements in stormwater toxicity and metals capture. The treatability tests included intensive analyses of samples from twelve sampling locations in the Birmingham, AL, area that all had elevated toxicant concentrations, compared to the other urban source areas initially examined. The treatability tests conducted were: settling column, floatation, screening and filtering, photo-degradation, aeration, combined photo-degradation and aeration and an undisturbed control sample. More than 900 toxicity tests were performed using the Microtox procedure. Turbidity tests were also conducted on all samples. Results indicated a reduction in toxicity as the level of treatment increased. All samples, with one exception, showed dramatic reductions in toxicity with increasing settling times and with removal of the particles greater than 5 -10 µm in the samples (an example for sieving of automobile salvage yard samples is shown in Figure 13 ). These results indicate that the physical processes that are occurring in the filters have the potential to reduce the toxicity of stormwater samples. 
CONCLUSIONS
Design Guidelines
Much information has been collected during this WERF-sponsored research project (WERF 97-IRM-2) that can be directly used for the design of stormwater controls for the reduction of heavy metals. The treatability of stormwater heavy metals chapter includes overviews of the associations of metals with different stormwater fractions. These associations are also useful in predicting the performance of sedimentation controls in removing heavy metals. This information can be used to predict the heavy metal control associated with a wet detention pond that is designed to remove particles of a specific minimum size. Additionally, material on the selection of filtration media, the clogging rates under different conditions, and the metal retention capacity of the different media are summarized from previous chapters. A simple approach in the selection of filtration media and the sizing of stormwater filters is outlined. Investigations of several important issues associated with the upflow filters are discussed. These filters hold promise in being much more cost-effective than the more commonly used traditional slow filters. Additional tests were also conducted that investigated the clogging behavior of the different media under upflow conditions. Both the hydraulic and the water quality objectives of a swale design are examined. It includes information on the selection of the grass species and other channel parameters. This subsection also shows how the important project information on the determination of channel roughness is used in the design of channels.
The results of this investigation emphasized the importance of characterizing the stormwater before selecting a treatment media since the type and quantity of metals, pH, and other runoff characteristics can vary a great deal between sites and even on an interevent basis at the same site. For example, determining the range of metal concentrations to be treated is crucial to selecting the best media, since the removal efficiencies of the media relative to each other changed with varying metal concentration. Media that were effective at high metals concentrations were outperformed by some media at the low metals concentrations typically found in stormwater. Upflow columns proved more effective than downflow columns in the control of detention time and a reduction in clogging of the media by solids and associated head loss in the column. Studies on the effect of anaerobiosis on metal retention by filter systems indicated that heavy metals were not mobilized from filter systems under anaerobic conditions. It was found that metal retention within the filters was not different from what was observed in oxygenated environments. However, it is plausible that under certain specific environmental conditions, co-precipitation of metals by iron-and sulfate-reducing bacteria may take place in stormwater treatment systems. Tests also indicate that the heavy metals of concern remain strongly bound to the particulates during long exposures at the extreme pH conditions likely to occur in receiving water sediments. They will also likely remain strongly bound to the particulates in stormwater control device sumps or detention pond sediments where particulatebound metals are captured.
In real-world applications for stormwater treatment, filters that contain adsorption media typically clog before the media can experience chemical break-though. It is not yet clear if depth filtering media will be a cost-effective stormwater control, considering the pre-treatment needed to prevent this clogging. The necessary pretreatment alone may provide adequate control, without the additional filtration cost. Large-scale filtration installations (especially sand) have been shown to perform well for extended periods of time with minimal problems. The use of supplemental materials (such as organic compounds) should increase their performance for soluble compounds. The use of upflow filtration is also expected to increase the life of filters before clogging, for some media types (not for peat/sand combinations).
The best application for these filters may then be to further treat the effluent from a detention pond in critical source areas, such as scrap metal recyclers, rather than as a polisher for effluent from a detention pond in a residential area. During these field pilot-scale tests and related fullscale tests, the minimum attainable concentration for these metals using media filtration appears to be approximately 5 to 10 µg/L for copper and lead, and approximately 10 to 20 µg/L for zinc, irrespective of media. These tests do confirm the utility of different filtration arrangements, especially concerning the problems associated with clogging and reduced filtration performance.
